The Collahuasi district is a porphyry Cu-Mo subprovince located on the Andean high plateau of northern Chile. Late Eocene-early Oligocene mineralization in the district involved hydrothermal alteration of the upper Paleozoic to Lower Triassic Collahuasi Group granodiorites, diorites, andesites, dacites, and rhyolites, which had previously experienced regional lower greenschist facies metamorphism as well as uneconomic porphyrystyle mineralization and associated sericitic alteration. Alteration mapping represents an effective technique for prospecting for hydrothermal deposits, but, in low-grade metamorphic terrains, recognition of propylitic assemblages that represent the boundary of the mineralizing system is hampered by their resemblance to metamorphic mineral assemblages.
Introduction
CHaraCterization of hydrothermal alteration is essential in the exploration for porphyry Cu-Mo deposits and other hydrothermal mineralization, not only to outline potential ore zones, but also to clarify the ore formation processes (e.g., Rose and Burt, 1979) . Numerous studies of porphyry systems emphasize the identification of hydrothermal alteration footprints, but few provide clear guidelines to assist mineral exploration. Some of the latter studies concentrate on the description of mineral assemblages and mapping of alteration zones using spectroscopic methods, geophysics, or multispectral remote sensing (e.g., Creasey, 1959; Meyer and Hemley, 1967; Lowell and Guilbert, 1970; Rose and Burt, 1979; Beane and Bodnar, 1995; Sabins, 1999; Watanabe and Hedenquist, 2001; Seedorff et al., 2005; Sillitoe, 2010) . Other studies, concerned more with the genesis and evolution of the hydrothermal system, relate the origin and composition of the mineralizing fluids and subsequent geochemical modification of the host rocks to the type and degree of alteration (e.g., Taylor, 1974; Gustafson and Hunt, 1975; Ohmoto, 1986; Bowman et al., 1987; Norman et al., 1991; Dilles et al., 1992; Clark, 1993; Zaluski et al., 1994; Beane and Bodnar, 1995; Wilson et al., 2007; Urqueta et al., 2009 ). These studies use a variety of geochemical approaches including light stable isotope geochemistry, fluid inclusion studies, and lithogeochemistry to characterize alteration facies that may be difficult to identify megascopically. However, the recognition of outer hydrothermal alteration zones in regionally low-grade metamorphosed terrains, where similar mineral assemblages are products of low-grade metamorphic processes and hydro thermal alteration, remains problematic (Beane and Titley, 1981; Pirajno, 1992; Reed, 1997; Frey and Robinson, 1999; Urqueta et al., 2009) . Thus, in volcanic and plutonic rocks with mafic to intermediate compositions, the minerals chlorite, epidote, and albite are common products of both propylitic alteration surrounding porphyry Cu-Mo systems and regional lower greenschist facies metamorphism. In felsic rocks, moreover, the poor definition of petrographic criteria for propylitic alteration hampers the use of geochemistry to discriminate between propylitic alteration associated with mineralization and "background" metamorphism. Consequently, the definition of mineralogical, textural, and geochemical characteristics of propylitic alteration is a prerequisite for the delimitation of porphyry Cu-Mo exploration.
Few studies have focused on characterizing propylitic alteration around porphyry Cu-Mo deposits, particularly in regional lower greenschist facies metamorphic terrains. Urqueta et al. (2009) demonstrated that lower greenschist facies metamorphism and propylitic alteration affecting outcrop samples of the Cu-rich Collahuasi district of northern Chile cannot be distinguished by chemical mass changes because neither involves any gains or losses of major components. Nonetheless, propylitic alteration involves addition of volatiles such as H2O, SO2, and CO2 (Meyer and Hemley, 1967; Beane and Titley, 1981) , which could potentially be used to indicate prospective areas for mineralization. However, isotopic studies of porphyry Cu-Mo systems have shown that propylitically altered rocks and unaltered or metamorphosed background rocks commonly have similar hydrogen and oxygen isotope compositions (Bowman et al., 1987; Norman et al., 1991; Dilles et al., 1992) , and most host rocks in the Collahuasi district have low sulfur contents, which limits the effectiveness of sulfur isotopes and contents to distinguish areas favorable for mineralization. Carbon isotope and concentration studies have, however, not been applied to trace the addition of magmatic or meteoric components during propylitic alteration.
Herein, we evaluate the mineralogical characteristics and carbon isotope compositions of propylitically and regionally metamorphosed background rocks hosting porphyry Cu-Mo deposits in the Collahuasi district (Fig. 1) . We identify petrographic differences from detailed study of felsic, mafic, and intermediate rock types, forming a foundation for the interpretation of whole-rock carbon isotope compositions and carbon and oxygen isotope compositions of carbonates in hydrothermally altered rocks associated with mineralization and with lower greenschist facies metamorphosed rocks in the Collahuasi district (Fig. 2) . These independent approaches yield comparable results and provide mineralogical, textural, and geochemical information that discriminates between propylitically altered and lower greenschist facies metamorphosed rocks. They demonstrate that petrography and carbon isotope methods delineate fertile areas for porphyry Cu-Mo deposits in the Collahuasi district.
Geologic Background
The Collahuasi district is a porphyry Cu-Mo subprovince located closest to the north end of the major upper Eocenelower Oligocene porphyry Cu-Mo belt of northern Chile, extending from 20°45'S to 21º07'S and 68º75'W to 68º20'W (Figs. 1, 2). The geology, mineralization, hydrothermal alteration, and geochronology of the Collahuasi district have been described by several authors (e.g., Munchmeyer et al., 1984; Vergara and Thomas, 1984; Maksaev, 1990; Dick et al., 1994; Lee, 1994; Clark et al., 1998; Masterman, 2003; Masterman et al., 2004 Masterman et al., , 2005 Maksaev et al., 2007; Munizaga et al., 2008; Urqueta et al., 2009) .
The main stratigraphic units in the district are Ordovician metamorphosed basement, the upper Paleozoic to Lower Triassic Collahuasi Group, the Jurassic Quehuita Formation, the Upper Cretaceous Cerro Empexa Formation, and granitoid plutons of Paleocene to Eocene age (Fig. 2) . The Ordovician metamorphosed basement includes mica schists and minor migmatites assigned to the Choja Formation, which were intruded by Lower Silurian muscovite granite at 431 ± 10 Ma (Charrier et al., 2007) . The 244 to 300 Ma (Munizaga et al., 2008) Collahuasi Group overlies the metamorphic basement and consists principally of andesitic, dacitic, and rhyolitic lavas intercalated with minor sandstones. This group is the major host for mineralization in the Collahuasi district (Figs. 2, 3 ). The Jurassic Quehuita Formation, comprising deep-to shallow-marine sandstones and carbonate rocks, unconformably overlies the Collahuasi Group. Andesitic and dacitic lavas and sandstones of the Upper Cretaceous Cerro Empexa Formation in turn unconformably overlie the Quehuita Formation from the Paleocene to Eocene. The Collahuasi Group and the Quehuita and Cerro Empexa formations were intruded by several suites of calc-alkaline granitoids with compositions ranging from diorite to granite. At the top of this stratigraphic sequence are Miocene gravels overlain by voluminous Neogene ignimbrites and lavas. Alluvium and salt deposits were deposited during the Quaternary. Volcanic and plutonic rocks of the Collahuasi Group have been subjected to lower greenschist facies metamorphism. Although very limited information is available on the regional metamorphic facies of these upper Paleozoic to Lower Triassic igneous rocks in northern Chile, regional metamorphism was probably related to the contraction and uplift of the Collahuasi Group during the Late Cretaceous (Vergara and Thomas, 1984 Fig. 2 . General geologic map of the Collahuasi district, showing the distribution of stratigraphic units and the trajectories of regional-scale faults (Domeyko fault system and Loa Fault). The upper Eocene to lower Oligocene Rosario, Ujina, and Quebrada Blanca (Q.B.) porphyry Cu-Mo deposits and Monctezuma and La Grande epithermal veins, the Permian to Triassic Characolla, La Profunda, and El Loa prospects, and the El Colorado prospect are indicated, as are locations of other late Eocene-early Oligocene porphyry Cu-Mo deposits (compiled from Vergara and Thomas, 1984; Munizaga et al., 2008) . The locations of Rosario, La Grande, Monctezuma, and Ujina Mines, and La Profunda prospect are from Masterman et al. (2004 Masterman et al. ( , 2005 . Characolla, El Colorado, and El Loa prospect locations are after Munizaga et al. (2008) . The locations of outcrop samples are also shown by rock type.
The Collahuasi district incorporates three principal tectonic blocks separated by two regional N-S-trending faults, the Domeyko fault system and the Loa Fault (Dick et al., 1994; Figs. 1-3) . On a district scale, a system of N-S-to NNEtrending subvertical faults, a group of faults striking northwest and dipping 45° to 60° the southwest, and a series of shallow SW-dipping faults cut the stratigraphic sequences, principally around the main porphyry Cu-Mo deposits. Some of these faults, such as the La Grande and Monctezuma fault systems located around the Rosario porphyry center, are the hosts for high-grade Cu-Ag-Au and Ag-Au epithermal mineralization (Figs. 2, 3) .
The Collahuasi district is defined by three major porphyry Cu-Mo deposits, including Rosario (3.11 Gt at 0.82% Cu, 0.024% Mo, and 0.01 g/t Au), Quebrada Blanca (400 Mt at 0.83% Cu, 0.015% Mo, and 0.1 g/t Au), and Ujina (636 Mt at 1.06% Cu) (Figs. 1-3; Camus, 2002) . The first two deposits are currently being exploited by open-pit mining operations and the last has been exhausted. Additionally, the district includes Cu-Ag ± Au and Ag-Au epithermal deposits, exotic Cu deposits, and several low-grade porphyry Cu-Mo prospects, such as La Profunda, Characolla, El Loa, and El Colorado (Fig.  2) . The major porphyry Cu-Mo deposits are associated dominantly with porphyritic quartz monzonite stocks and with subordinate igneous and hydrothermal breccias and quartz latite at Quebrada Blanca and Ujina, respectively. The hypogene copper mineralization and, to a lesser extent, molybdenum mineralization, in the form of chalcopyrite, bornite, molybdenite, and, locally, tennantite and enargite, are disseminated throughout the porphyritic intrusive rocks or occur in stockwork veins. These mineralized veins are accompanied by potassic and sericitic (or phyllic) alteration halos, and tourmaline forms the matrix in hydrothermal breccias. The ages of the main mineralization events in the major porphyry Cu-Mo deposits of the Collahuasi district are 35.2 ± 0.3 Ma at Ujina, 35 ± 0.4 Ma at Quebrada Blanca, and 34.4 ± 0.3 Ma at Rosario, based on 40 Ar/ 39 Ar data (Maksaev, 1990; Masterman et al., 2004) . These ages coincide with the period of the Domeyko fault system displacement in northern Chile (e.g., Tomlinson and Blanco, 1997a, b; Maksaev and Zentilli, 1999) . It is important to note that some porphyry Cu-Mo deposits in the Collahuasi district are temporally unrelated to the Domeyko fault system, including La Profunda ( 40 Ar/ 39 Ar age of 81.2 ± 2.9 Ma; Masterman et al., 2004) and Characolla (201 Ma; Maksaev et al., 2007) , both associated with sericitic alteration.
Sample Collection and Preparation, and Analytical Techniques

Sample collection and preparation
All the samples used in this study are from outcrops of volcanic rocks and granodiorites and diorites of the upper Paleozoic to Lower Triassic Collahuasi Group and were collected on a grid with a spacing optimized for exploration geochemistry. Three hundred samples weighing between 4 and 5 kg were taken over an area of about 50 × 25 km (Fig. 2) . Average sample spacing was one per square kilometer within 15 km or less from known major porphyry Cu-Mo deposits, and one per 2 km 2 outside this area. Additional samples were collected at Dick et al., 1994; Masterman, 2003). 400-m intervals along a traverse line at the Characolla prospect. This sample density was chosen to assess the spatial distribution and the variability of hydrothermal alteration patterns throughout the area.
Each sample was trimmed to exclude any weathered surfaces and visible veins. For the petrography, 300 polished thin sections were examined to identify hydrothermal alteration and metamorphic minerals and to investigate textural characteristics. For each of these samples, a subsample of approximately 1 kg was powdered for stable carbon and oxygen isotope analyses to trace the addition of magmatic or meteoritic components and to discriminate propylitic alteration from lower greenschist metamorphism.
Petrography
Mineralogical and textural characterization was carried out using standard thin section petrographic techniques. The extent of visible hydrothermal alteration or abundance of metamorphic minerals in each sample, referred to as the degree of alteration, was assigned values of 1, 2, 3, and 4, which, respectively, correspond to <5, 5 to 25, 25 to 95, and 95 vol % of original phases replaced by new minerals. The mineralogy, especially of argillically altered rocks, was verified by X-ray diffraction (XRD) and short-wavelength infrared spectroscopy.
Stable isotope measurements
Stable isotope analyses were measured at the Queen's Facility for Isotope Research (QFIR), Queen's University, Canada. For carbon isotope compositions and carbon concentrations, 15 to 80 mg of powdered whole-rock samples was weighed and analyzed using a Costech elemental analyzer interfaced with a ThermoFinnigan DELTA plus XP isotope ratio mass spectrometer. The total carbon content includes all forms of carbon present in each sample.
Carbon and oxygen stable isotope analyses of carbonates were done on a subset of 82 whole-rock samples, representative of the various rock types affected by hydrothermal alteration or regional lower greenschist facies metamorphism. Carbon and oxygen isotope ratios of carbonates were determined by using a Gas Bench II technique coupled to a ThermoFinnigan DELTA plus XP isotope ratio mass spectrometer in continuous flow mode (e.g., Debajyoti and Grzegorz, 2006) . Depending on the hydrothermal alteration or metamorphic mineral assemblage and relative estimated degree of alteration, 10 to 200 mg of selected powdered whole-rock samples was flushed for 10 min with ultrapure He and reacted with 0.5 to 1.5 mL of 100% phosphoric acid (H3PO4) for 4 hr at 72°C. The released CO2 gas was analyzed for its carbon and oxygen isotope compositions (Swart et al., 1991) .
Carbon and oxygen stable isotope compositions obtained are reported in the conventional d notation. The isotopic composition of carbon is expressed as ‰ difference in 13 C/ 12 C ratio relative to standard Vienna Pee Dee Belemnite (V-PDB), and the isotopic composition of oxygen is similarly expressed as the 18 O/ 16 O ratio relative to Vienna Standard Mean Ocean Water (V-SMOW). The reproducibility of the measurements for both analytical techniques from replicate analysis of samples, standards, and secondary reference materials is better than ±0.2‰ for both carbon and oxygen, and ±0.02 wt % for total carbon content.
Mineral chemistry
Chemical compositions of the propylitic alteration minerals chlorite, epidote, prehnite, and calcite were determined by electron microprobe analyses using a Camebax MBX electron microprobe equipped with four wavelength-dispersive X-ray spectrometers at Carleton University, Ottawa, Canada. Analyses are accurate to 1 to 2% relative for major elements (>10 wt %). As the detection limit is approached (<0.1 wt %), relative errors approach 100%. The average chemical composition and formula unit of each propylitic alteration mineral are given in Table 1 . The chemical composition of chlorite was used to estimate temperatures of propylitic alteration based on tetrahedral site occupancy and Fe/(Fe + Mg) ratios using the geothermometer of Cathelineau (1988) , which has an accuracy of 30°C.
Petrographic Results
Five major rock types are distinguished in the Collahuasi district on the basis of mineral modes, compositions, and textures: intrusive granitoid rocks, rhyolites, dacites, andesites, and sandstones (Fig. 2) . The most abundant are intrusive rocks, dominantly granodiorites and diorites, with lesser aplites. Intrusive rocks crop out mainly outside the area of the major porphyry Cu-Mo deposits, but represent the main rock type around the Characolla prospect (Fig. 2) . Rhyolites, dacites, and andesites of the Collahuasi Group dominate the periphery of the major porphyry Cu-Mo deposits, but are rare at the Characolla prospect. Sandstones are rare and are not included in this study. All rock types exhibit varying degrees of alteration, the strongest being found generally closest to the known porphyry Cu-Mo deposits (Appendix Tables A1-A4 ). The alteration mineral paragenesis in the Collahuasi system is complex because the area has a protracted alteration history.
Regional lower greenschist facies metamorphism
Rocks affected by regional lower greenschist facies metamorphism are referred to subsequently as background metamorphosed rocks. The regional lower greenschist facies metamorphism in the Collahuasi district is nondeformational, with complete preservation of primary structures and textures and absence of schistosity or foliation. These characteristics of greenschist facies metamorphism of upper Paleozoic to Lower Triassic igneous rocks of the Collahuasi district are similar to those of the burial metamorphism described in younger Jurassic to Cenozoic volcanic sequences of mafic and intermediate composition in central and northern Chile (e.g., Levi et al., 1989; Aguirre et al., 1999) . The background metamorphosed rocks in the Collahuasi district are typically green-gray and green-brown for mafic and intermediate rocks (diorites, granodiorites, and andesites), and gray for felsic rocks (rhyolites and dacites). Metamorphic minerals, chlorite, epidote, and sericite typically occur as partial replacements of primary igneous minerals, and the resulting mineral assemblages are dependent on the composition of the parent rock and external volatiles (e.g., H 2O and CO2). The extent of replacement of primary minerals by metamorphic minerals is variable, but, in general, is in the lower range of the assigned relative degree of alteration ( Fig. 4A-B) . Characteristic metamorphic minerals in diorites, granodiorites, and andesites are chlorite, epidote, and sericite ( Fig. 4A-B) . Chlorite is browngreen to dark green in color in plane-polarized transmitted light, and has replaced hornblende and biotite preferentially along grain edges. Epidote, typically colorless to pale yellow in plane-polarized transmitted light, has locally replaced hornblende. Plagioclase is moderately sericitized, commonly with the preservation of twinning. In rhyolites and dacites, the effects of regional lower greenschist facies metamorphism are subtle, with minor modification of the original minerals to clay minerals and sericite (Fig. 4C) .
Hydrothermal alteration associated with mineralization
Propylitic alteration: In hand specimen, propylitically altered mafic and intermediate rocks are generally pale green in color due to abundant but variable amounts of chlorite and epidote, whereas propylitically altered felsic rocks are grayish. The original porphyritic texture of these propylitically altered rocks is partially or completely destroyed. The resulting propylitic mineral assemblages depend on the primary compositions of the rocks (Fig. 4D-F) . In thin section, propylitic alteration of diorite, granodiorite, and andesite is characterized by the presence of significant amounts (>20%) of epidote, chlorite, and calcite, and minor albite and prehnite ( Fig. 4D-E) . In contrast to the selective replacement texture of regional lower greenschist facies metamorphism, propylitic alteration has a pervasive texture wherein alteration minerals are typically disseminated throughout the rocks beyond the grain boundaries of primary minerals, with partial or total destruction of primary igneous textures. Feldspars, dominated by plagioclase, have been altered to aggregates of calcite and epidote, and minor albite, sericite, and prehnite. Chlorite and epidote also replace hornblende and biotite ( Fig. 4D-E) . Chlorite is light to medium green and epidote pinkish to greenish yellow in plane-polarized light. Rare prehnite is observed in propylitically altered granodiorite as intergrowths with epidote and as a replacement of primary plagioclase and hornblende.
Propylitic alteration in rhyolites and dacites is expressed by the presence of widespread calcite in groundmass aggregates and as replacements of feldspar phenocrysts, obscuring twinning in feldspar phenocrysts and leading to partial to complete destruction of original rock textures (Fig. 4F ). This differs from the effects of regional lower greenschist facies metamorphism on felsic rocks of the district, wherein subtle alteration minerals as fine-grained disseminations in phenocrysts and groundmass have minimal effects on primary mineral textures. Minor sericite (<20%) can also be present in lesser amounts in propylitically altered felsic rocks as altered feldspar phenocrysts and as groundmass aggregates.
Argillic alteration: Intermediate argillic alteration is characterized in all rock types by the complete replacement of feldspar minerals by clay minerals, such as illite and kaolinite (Figs. 5A, 6). Identification of individual clay minerals via microscopic petrography is not definitive, so identification of illite, kaolinite, smectite, and minor diaspore was done by XRD and infrared techniques.
Sericitic alteration: Sericitic alteration is independent of rock type and is characterized by the complete replacement of feldspar minerals by aggregates of fine-to coarse-grained sericite (Figs. 5B, 6). Minor hematite, pyrite, and quartz are common together with sericite in the groundmass of volcanic (n = 9) Notes: Determined by electron microprobe; formulas calculated based on 28O for chlorite, 26O for epidote, and 22O for prehnite; temperature of chlorite formation calculated after Cathelineau, 1988 , from the structure of the chlorite; n indicates the number of individual analyses on which the average was calculated; <DL = concentration lower than the detection limit; -= not determined rocks. Hornblende and biotite phenocrysts have been incipiently altered to chlorite at grain boundaries and along cleavage planes. Primary porphyritic textures of altered samples are commonly destroyed. Potassic alteration: Potassic alteration related to hydrothermal activity is the least observed alteration type in outcrop samples in the district (Fig. 7) . Potassically altered rocks, exclusively diorites, display abundant and widespread irregularly shaped biotite as fine-grained crystals. This hydrothermal biotite has completely replaced primary hornblende and biotite (Figs. 5C, 6) . Hydrothermal K-feldspar and minor sericite are developed at the expense of plagioclase. Minute grains of apatite are commonly disseminated in potassically altered samples.
Carbon Isotope Compositions of Whole-Rock Samples
Whole-rock carbon isotope compositions and total carbon contents for the major host-rock types from the Collahuasi district are reported together with descriptions of the samples in the Appendix (Tables A1-A4 ). In general, stable isotopes of all elements are redistributed among minerals and fluids during hydrothermal alteration or metamorphism because of fluid-rock interaction, but the extent of stable isotope redistribution is highly variable and dependent on temperature, water/rock ratios, chemical compositions of fluid and rock, and fluid redox (e.g., Hoefs, 2004) . Consequently, carbon isotope compositions were determined in relation to rock type A. Background metamorphosed granodiorite showing partial replacement of hornblende by chlorite and epidote, and plagioclase by sericite, with partial to complete destruction of twinning (MAA21507). B. Background metamorphosed andesite exhibiting weak sericitization of plagioclase phenocrysts, preservation of twinning, and sericite flakes disseminated in the groundmass (MAA24100). C. Background metamorphosed rhyolite in which minor sericite flakes have partially replaced plagioclase and potassium feldspar phenocrysts and are disseminated in the groundmass (MAA21546). D. Propylitically altered diorite consisting of chlorite, epidote, and calcite (MAA21652). E. Propylitically altered andesite showing the development of epidote, chlorite, and calcite at the expense of the primary components with partial destruction of the original igneous texture (MAA21657). F. Propylitically altered rhyolite showing potassium feldspar phenocrysts replaced by calcite aggregates and minor sericite; minute grains of calcite are also dispersed in the groundmass (MAA21703). All the photomicrographs were taken in cross-polarized transmitted light. Abbreviations: Cal = calcite, Chl = chlorite, Ep = epidote, Hbn = hornblende, Kfs and Kspar = potassium feldspar, Pl = Plagioclase, Qtz = quartz, Ser = sericite. Intensely argillic altered aplite showing a mixture of clay minerals (illite, kaolinite, smectite, ± diaspore identified using X-ray diffraction and short wavelength infrared spectroscopy) and lesser sericite, formed at the expense of primary feldspars (MAA21628). B. Sericitic-altered andesite displaying complete substitution of feldspar phenocrysts by sericite with near-complete destruction of twinning with anhedral quartz crystals and hematite in the matrix (MAA21525). C. Potassic mineral assemblage in a diorite composed of aggregates of hydrothermal biotite, mainly replacing primary biotite and potassium feldspar. Tiny rounded or acicular crystals of apatite, anhedral quartz, and magnetite are also present (MAA21622). All photomicrographs in cross-polarized transmitted light. Abbreviations: Ap = apatite, Bt = biotite, Hem = hematite, Kfs = potassium feldspar, Mag = magnetite, Qtz = quartz, Ser = sericite. to assess any change in initial stable isotope compositions due to hydrothermal alteration or metamorphism. Whole-rock d 13 C values and total carbon contents for each rock type are, therefore, plotted separately to illustrate variations in isotopic compositions due to the effects of regional lower greenschist facies metamorphism and to hydrothermal alteration (Fig. 8) .
Background RGM Limited within primary mineral boundary with preservation of the igneous textures
Mode of occurrence of metamorphic or alteration minerals
Propylitic
Disseminated in the rock with partial or total destruction of the igneous textures
Argillic
Disseminated in the rock with partial destruction of the igneous textures
Sericitic
Disseminated in the rock with partial or total destruction of the igneous textures
Potassic
Disseminated in the rock with partial destruction of the igneous textures
Whole-rock d 13 C values and total carbon contents for diorites and granodiorites vary between -32.6 and -3.0‰, and 0.01 and 0.47 wt %, respectively (Fig. 8A) , similar to the ranges for andesites, which have whole-rock d 13 C values of -29.9 to -3.6‰ and total carbon contents of 0.01 to 0.49 wt % (Fig. 8B) , and to the ranges of most dacites and rhyolites. Dacites have whole-rock d 13 C values of -27.7 to -1.4‰ and total carbon contents of 0.01 to 0.57 wt % (Fig. 8C) , whereas whole-rock d 13 C values and total carbon contents for rhyolites range between -29.4 and -3.8‰, and 0.01 and 0.33 wt %, respectively (Fig. 8D) .
Propylitically altered samples for all rock types tend to have the highest d 13 C values, most exceeding -10‰, and most total carbon contents exceed 0.05 wt %. One propylitically altered granodiorite from the Characolla prospect and three propylitically altered dacites near the Rosario porphyry deposit have the highest total carbon contents of 0.70 to 4.41 wt %, and d 13 C values of -5.3 and up to -3.7‰ (given in Tables A1-A4, but not plotted in Fig. 8A, C) . Propylitically altered rocks with the lowest d 13 C values and low total carbon contents are also Table 2 ) and CO2 remaining in the rocks after CO2 degassing during their emplacement (end member X, Table  2 ). The tick marks indicate 5, 10, 20, 40, 60, and 80% contribution of magmatically derived carbon to outgassed carbon. The dashed lines show the two-component mixing trajectory between "pure" deep magmatic CO2 end member (X) and an end member representing typical CO2 remaining dissolved in the rocks (Y). Note the clear separation of propylitically altered samples and background metamorphosed rocks (Background RGM), and other hydrothermal alteration types, as well. Sources of the end members for the mixing curves: Deep magmatic CO2 (undegassed mid-ocean ridge basalt [MORB] glasses)-Des Marais and Moore (1984); CO2 remaining dissolved in the rocks after degassing of MORB glasses- Pineau and Javoy (1983) , Des Marais and Moore (1984) .
affected by sericitic alteration (Tables A1 -A4) , thereby limiting the chance of carbon being fixed in minerals as a result of previous sericitization.
Other hydrothermally altered samples (intermediate argillic, sericitic, and potassic) for all the rock types have low d 13 C values and carbon concentrations (Fig. 8) . Argillically altered rocks have d 13 C values of less than -14.3‰ and total carbon contents of less than 0.05 wt %. Similarly, samples of all of the rock types affected by sericitic alteration have d 13 C values of less than -13.1‰ and carbon contents normally less than 0.03 wt %. Argillically and sericitically altered rocks with subordinate propylitic alteration have the highest d 13 C values (Tables  A1-A4 ). Potassically altered intrusive rocks have d 13 C values of less than -22.0‰ and total carbon contents less than 0.02 wt %.
Background metamorphosed rocks generally have low carbon isotope compositions and total carbon concentrations of less than -15.5‰ and 0.03 wt %, respectively. Some argillically and sericitically altered intrusive rocks and background metamorphosed intrusive rocks, mostly from the Characolla prospect, have higher carbon concentrations of up to 0.47 wt %, but low d 13 C values of less than -20.3‰ ( Fig. 8A ; Tables  A1-A4) .
Carbon isotope compositions and total carbon contents for each rock type plot along a hyperbolic curve, suggesting that two end-member components are present in varying proportions (Criss, 1999) . One end member has a high d 13 C value and high carbon content and the other has a low but variable d 13 C value and low carbon content (Fig. 8) .
The spatial distribution of carbon isotope compositions of outcrop samples shows that zones of higher d 13 C values, which occur almost exclusively in propylitically altered rocks, are adjacent to all three major porphyry Cu-Mo deposits (Fig. 9) . The lowest d 13 C values, occurring in other types of hydrothermal alteration (intermediate argillic, sericitic, and potassic) and in background metamorphosed rocks, are found either within the core of the deposits or outside the deposit areas.
Carbon and Oxygen Isotope Compositions of Carbonates
Isotopic compositions of carbonates were determined to provide insight into the origin of the carbon and oxygen. The carbon and oxygen isotope data, plotted in relation to alteration type instead of rock type, show that carbonates in background metamorphosed rocks normally have d 13 C values of -3 to -7‰ and d 18 O values in excess of 13‰ (Fig. 10A) 
Discussion
Petrographic characterization of alteration types
The alteration mineral assemblage of chlorite, epidote, albite, and minor sericite in mafic and intermediate rocks (diorites, granodiorites, and andesites) of the Collahuasi district is similar to that of typical lower greenschist facies metamorphism (e.g., Turner, 1981) . The absence of primary ferromagnesian minerals such as biotite and amphibole in rhyolites and dacites of the Collahuasi district inhibits the formation of chlorite and epidote and, therefore, only the albite reflects the metamorphic grade. Mineral assemblages of greenschist facies metamorphism reflect a rock-dominated system under fluid-poor conditions (e.g., Fyfe et al., 1978; Turner, 1981; Reed 1997) , which is consistent with minerals associated with regional lower greenschist facies metamorphism being restricted to within the grains of primary igneous minerals (selective pervasive texture), and with the preservation of primary igneous textures in volcanic and plutonic rocks. In many other Andean volcanic formations, the effects of the low-grade metamorphism have been described as being quasipervasive (e.g., Benavides et al., 2007) .
Propylitic alteration normally develops at depth and marks the outer boundary of many porphyry Cu-Mo deposits and other hydrothermal deposit styles (e.g., Lowell and Guilbert, 1970; Sillitoe, 2000 Sillitoe, , 2010 . The classic mineral assemblage of propylitic alteration consists of chlorite, epidote, albite, and carbonate (e.g., Creasey, 1959; Meyer and Hemley, 1967; Lowell and Guilbert, 1970; Rose and Burt, 1979; Beane and Bodnar, 1995; Seedorff et al., 2005 Seedorff et al., , 2008 Sillitoe, 2010) . Propylitic alteration of andesites and intrusive rocks of mafic and intermediate composition in the Collahuasi district is similarly expressed by chlorite, epidote, calcite, and albite. These rocks originally contained ferromagnesian minerals such as biotite and hornblende, which have been altered to chlorite and epidote during fluid-rock interaction (Fig. 6) . Prehnite is also present in small amounts as a product of propylitic alteration. It is stable at temperatures between 250° and 350ºC at low water/rock ratios and has been reported previously in propylitically altered rocks of mafic to intermediate primary composition from several active geothermal systems (e.g., Bird et al., 1984; Reyes, 1990; Berger and Velde, 1992) .
In order to form propylitic alteration minerals in rocks of mafic and intermediate composition, water and CO2 are required. A simplified reaction between biotite, hornblende, and plagioclase and an aqueous solution containing CO2 can be described by the following:
Biotite (theoretical) + Hornblende (theoretical) + Plagioclase (theoretical) + CO2 → Chlorite (as probed) + Epidote (as probed) + Prehnite (as probed) + Calcite (as probed) + Albite (theoretical) + K-mica (sericite, theoretical), which supports the following reaction, taking into account the general formula of minerals, stated as "theoretical," and the microprobe analysis of some of the critical propylitic alteration minerals, referred to as "as probed" (average compositions of the probed minerals are presented in Table 1 This reaction consumes three minerals, water, and CO2, and produces six minerals and one aqueous species.
Rhyolites and dacites in the Collahuasi district lack original ferromagnesian minerals and, compared to mafic and intermediate rocks, have distinct hydrothermal mineral assemblages where propylitically altered. The propylitically altered rhyolites and dacites are macroscopically grayish, and the propylitic alteration minerals observed in thin sections of felsic δ 13 Cper mil δ 13 Cper mil rocks are typically calcite, with lesser quantities of albite and sericite. Major element changes in the original rock compositions of all rock types during propylitic alteration are negligible (e.g., Urqueta et al., 2009) , implying that propylitic fluids do not contain sufficient iron or magnesium needed for the formation of chlorite and epidote during interactions with rhyolites and dacites. The other types of hydrothermal alteration identified in the Collahuasi district (intermediate argillic, sericitic, and potassic alteration) have mineral assemblages that conform to the mineralogical characteristics common in many porphyry Cu-Mo systems (e.g., Creasey, 1959; Meyer and Hemley, 1967; Lowell and Guilbert, 1970; Rose and Burt, 1979; Beane and Bodnar, 1995; Seedorff et al., 2005; Sillitoe, 2010) .
Whole-rock carbon isotopes and concentrations
The solubility of carbon in most magmas is low (Wyllie and Tuttle, 1959; Kadik et al., 1972) . Exsolution of CO2 occurs primarily as CO2-rich vapor during magma ascent and cooling during emplacement in the subsurface or during eruption (Holloway, 1981) . Carbon concentrations and isotopic compositions of mantle-derived magmas are usually approximated from mid-ocean ridge basalt (MORB) (e.g., Javoy et al., 1986) . Although carbon concentrations and isotopic compositions of CO2 in MORB glasses vary with the degree of degassing (Des Marais and Moore, 1984), a carbon content of 0.4 wt % and a d 13 C value of -4‰ of undegassed "popping" rocks on the Mid-Atlantic Ridge are generally considered representative of mantle CO2 (Javoy and Pineau, 1991) . In contrast, d 13 C values and C contents of MORB samples after complete CO2 degassing are typically between -30 and -25‰ and near 0.01 wt %, respectively, because CO2 vapor outgassed during magma ascent and cooling is enriched in 13 C relative to the residual carbon (Pineau and Javoy, 1983; Des Marais and Moore, 1984) . Therefore, CO2 degassing would result in low d 13 C values and carbon contents in plutonic and volcanic rocks, as is observed in most of the rocks in the Collahuasi district, except those that have been propylitically altered. The addition of magmatic CO2 directly from magma degassing during Cu-Mo mineralizing events could result in propylitically altered rocks, which would have high d 13 C values, with most greater than -10‰ (Fig. 8) , and ranges of carbon contents wider than those of the other hydrothermally altered rocks and background metamorphosed rocks. Evidence for CO2-bearing fluids has been reported in porphyry copper systems (e.g., Beane and Bodnar, 1995; Rusk et al, 2008) . In general, CO2 is a highly volatile species and is insoluble under most conditions in magmatic-hydrothermal systems, where it precipitates primarily as carbonate minerals, both at low temperatures from 200° to 350°C, and at high temperatures between 600° and 400°C (e.g., Bowman et al., 1987; Lowenstern, 2001 ).
The observed hyperbolic relationship between d 13 C values and carbon contents, regardless of the rock type (Fig. 8) , suggests that the carbon in all alteration facies and minerals originates from mixing of variable proportions of deep magmatic or mantle CO2 (Y) with carbon dioxide that remains dissolved in shallow intrusive and extrusive rocks after CO2 degassing (X). The magmatic carbon has high d 13 C values, whereas that remaining in the rocks after CO2 degassing displays lower d 13 C values. The construction of the mixing curves in Figure  8 is an expression of the mixture of the end members of CO2 sources (Table 2) , with curvature of the mixing hyperbolic lines dependent on the carbon concentration ratios of the end members (Criss, 1999; Faure and Mensing, 2005) . Because such mixing curves are truly straight lines when d 13 C values are plotted against inverted carbon concentrations, the mixing curves were calculated using equations of the straight lines 
A B
between end members of each rock type. Despite the diversity of rock types in the Collahuasi district, the mixing curves shown in Figure 8 have curvatures of similar shape, and are thus independent of rock type, but they do have different end-member compositions ( Table 2) . As a result, proportions of deep magmatic CO2 in the Collahuasi district can be determined using a two-source isotopic mixing model, as follows (Criss, 1999; Faure and Mensing, 2005) :
where dM is the isotopic composition of the mixture (e.g., whole-rock d 13 C values of outcrop rocks); dA and dB are the isotopic compositions of sources or end members A and B (e.g., end members of each rock type; Table 2 ); fA and fB are the proportions of end members A and B in the mixture; and CA/CM and CB/CM are the concentration fractions contributed by end members A and B in the mixture, respectively. Based on the above mixing model, propylitically altered rocks have more than 5% of magmatic carbon in their total carbon compositions, whereas other hydrothermally altered samples and background metamorphosed rocks have less than 5% (Fig. 8) . This model indicates that whereas all the hydrothermally altered and background metamorphosed rocks of the Collahuasi district have some magmatic CO2, only propylitically altered rocks accommodate significant amounts of magmatic CO2 that precipitated as calcite. Consequently, the estimated proportions of magmatic carbon in the rock types of the Collahuasi district are a function of the different alteration types.
Some hydrothermally altered and background metamorphosed intrusive rocks, primarily from the Characolla prospect, have low d 13 C values but much higher carbon contents than other samples with comparable d 13 C values (Fig. 8A) . The weakly mineralized Characolla prospect is an older, Triassic, intrusive system (201 Ma; Maksaev et al., 2007) without any propylitic alteration. These low d 13 C values coupled with high carbon contents can be attributed to deeper levels of emplacement of these samples, to initial carbon contents in the parent magma higher than those of other rocks in the district, or to incorporation of 12 C-rich carbon from an external source, such as organic carbon. Exley et al. (1986) reported a negative correlation between d 13 C values and carbon contents in the MORB glasses from the Loihi Seamount and related the high C and low d 13 C component to surficial contamination by organic carbon during weathering. This illustrates that the carbon content alone is not as reliable as integrated carbon content and isotopic composition in distinguishing between propylitic alteration and background rocks metamorphosed under lower greenschist facies conditions, and in delineating the mineralized areas in the Collahuasi district (Fig. 8A) .
The low d 13 C values and carbon contents of sericitically and argillically altered rocks are due to the very low pH conditions of these alteration types, which preclude the stabilization of carbonates. When these fluids overprint propylitically altered rocks and produce sericitic or argillic alteration, the result is that the propylitically altered rocks become depleted in 13 C and carbon contents compared to those samples unaffected by sericitic or argillic overprinting.
A systematic spatial variation in carbon isotope compositions has herein been established around the porphyry Cu-Mo deposits of the Collahuasi district (Fig. 9) . The lowest d 13 C values (less than -15‰) occur in the cores of the deposits and background metamorphosed zones, whereas the peripheral propylitic alteration zones of the deposits are dominated by higher d 13 C values (most above -13.0‰). This spatial variation in carbon isotope compositions is explained by CO2 outgassing from the magma at depth and deposition of carbonate minerals. In the Collahuasi district, magmatic CO2 precipitates solely as calcite during propylitic alteration (Fig. 10) , at an average temperature of 275°C, estimated using chlorite compositions (Cathelineau, 1988;  Table 1 ). In regionally lowgrade metamorphosed terrains, carbon isotope compositions have the potential to distinguish propylitically altered rocks, which outline the fringe of mineralized porphyry systems, from background rocks affected by regional lower greenschist facies metamorphism.
Carbon and oxygen isotopes in carbonates
Calcite is the only carbonate mineral observed in surface samples from the Collahuasi district, and is typically present as a propylitic alteration mineral. The carbon and oxygen isotope compositions in carbonates depend on the temperature and isotopic composition of the carbon and oxygen in the fluid from which they have precipitated. Consequently, d 13 C and d 18 O values of carbonates may reveal the origin of the CO2.
The carbon in the Collahuasi district could potenially originate from magmatic carbon, oxidation of reduced carbon species such as organic carbon in the sedimentary rocks, or dissolved carbon in meteoric waters (Bowman et al., 1987; Norman et al., 1991) . The absence of sedimentary carbonate rocks in the district renders the contribution of carbon dioxide from this sedimentary origin unlikely. (Taylor, 1974 (Taylor, , 1987 Ohmoto and Rye, 1979; Javoy et al., 1986; Kyser, 1986) . Carbon and oxygen isotope data for calcite in the rock types of the Collahuasi district show that most d 13 C values fall within the range expected for magmatic carbon (Fig. 10A, B) . However, samples with the highest calcite d 13 C values (>-2‰) could have some CO2 derived from ground waters, which in northern Chile have d 13 C values of about 1 and 4‰ (Cameron and Leybourne, 2002) . The lowest d 13 C values of calcite (<-6‰) are attributed to the incorporation of moderate amounts of 12 C-rich organic carbon. Isotopically light carbon is interpreted to result from oxidation of surficial vegetation and microbes (Nelson et al., 2007) . Comparable ranges of calcite d 13 C values (d 13 C = -7.7 to -2.4‰) have been reported in other porphyry copper deposits (e.g., Sheppard et al., 1971; Bowman et al., 1987; Norman et al., 1991) .
Calcite has a much broader range in oxygen isotope composition, displaced from the typical range of magmatic carbonate toward higher d 18 O values (Fig. 10A) Sheppard et al., 1971; Bowman et al., 1987; Norman et al., 1991) .
Concluding Remarks and Exploration Significance
Five different rock types are recognized in the Collahuasi district: intrusive rocks (granodiorite, diorites, and minor aplites), andesites, rhyolites, dacites, and sandstones. These have been variably affected by regional lower greenschist facies metamorphism or by hydrothermal alteration that occurs in conjunction with porphyry Cu-Mo deposits. The alteration types include propylitic, intermediate argillic, sericitic, and potassic, and the degree of alteration is related to the proximity of the known porphyry Cu-Mo deposits of the Collahuasi district.
A combination of mineralogical and textural criteria has been used to discriminate assemblages formed during regional lower greenschist facies metamorphism from those formed by propylitic alteration for plutonic and volcanic rocks having mafic to felsic composition. These mineral assemblages appear similar megascopically, but are distinct microscopically. Mineral assemblages formed during regional lower greenschist facies metamorphism and propylitic alteration depend on the initial mineralogical composition of the rock. Regional lower greenschist facies metamorphism is recorded by chlorite, epidote, and sericite in diorites, granodiorites, and andesites and by sericite in rhyolites and dacites at the expense of primary minerals biotite, hornblende, and plagioclase and by the preservation of igneous textures. In contrast, propylitic alteration is characterized by the formation of not only chlorite, epidote, and sericite, but also calcite, albite, and rare prehnite in mafic and intermediate rocks and dominant calcite and lesser albite and sericite in felsic rocks with partial or total destruction of igneous textures. Felsic rocks affected by propylitic alteration dominantly contain calcite, because these rocks are deficient in primary ferromagnesian minerals that can provide the iron and magnesium needed for the formation of chlorite and epidote. In plane-polarized transmitted light, chlorite in background metamorphosed and propylitically altered rocks is brown-green to dark green and light to medium green, respectively, whereas epidote is colorless to pale yellow in background metamorphosed rocks and pinkish to greenish yellow in propylitically altered rocks.
Carbon isotope compositions and total carbon contents of outcrop samples of the Collahuasi district record mixing between magmatic CO2 associated with the mineralizing process and having relatively high d 13 C values and carbon contents, and carbon remaining after degassing of intrusive and extrusive rocks, which have low d 13 C and carbon contents. Propylitically altered rocks typically have higher d 13 C, from -19.1 to -1.4‰, and higher carbon contents, up to 0.8 wt %, than do other facies of alteration, consistent with addition of magmatic carbon directly from Cu-Mo mineralizing events as a key characteristic of propylitization. Unlike propylitic alteration, low d 13 C values (less than -15‰) and generally low carbon contents are recorded in the other hydrothermal alteration types and in regional lower greenschist facies metamorphic rocks, indicative of carbon from hydrothermal fluids with meteoric waters or from CO2 degassing during emplacement of the original volcanic or plutonic units. Carbon content alone is not as reliable as the use of integrated carbon content and isotopic compositions in distinguishing between propylitic alteration and background lower greenschist facies metamorphosed rocks because of possible variation of the initial carbon content of the parental melt or level of emplacement for intrusive rocks. Our calculations indicate that propylitically altered rocks have systematically higher magmatic carbon contents (at least 5%) than background metamorphosed rocks and other alteration types.
The systematic spatial variation in carbon isotope compositions identified herein in outcrop samples of the Collahuasi district has significant implications for the exploration of porphyry Cu-Mo deposits, particularly in areas affected by regional lower greenschist facies metamorphism. The fringe of the porphyry Cu-Mo deposit corresponding to propylitic alteration zone is recognized as a trap for magmatic CO2 added by the mineralizing events. Carbon isotope compositions, therefore, differentiate between propylitically altered rocks and background metamorphosed rocks with similar mineral assemblages and outline favorable mineralized areas. In some porphyry Cu-Mo deposits where propylitic alteration is absent or weakly developed, magmatic carbon can be added by the mineralizing events and fixed by any country rock that neutralizes the fluid, so that the halo of high d 13 C values may still be recognized.
This research has highlighted the effectiveness of petrography and stable carbon isotope methods in the identification of the origin of mineral assemblages due to hydrothermal alteration and regional lower greenschist regional metamorphism in the Collahuasi district. These methods prove to be more successful than the previously developed Pearce element ratio lithogeochemical technique (Urqueta et al., 2009) in discriminating propylitic alteration associated with Cu-Mo mineralization from similar mineral assemblages that result from regional lower greenschist metamorphism in the Collahuasi district. These mineralogical, textural, and geochemical criteria could be integrated during reconnaissance and prospecting stages at both regional and local scales for porphyry Cu-Mo deposits having settings equivalent to those of the Collahuasi district and may also be applicable to other hydrothermal deposit styles for which magmatic components are required.
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